Background-Inflammation is known to contribute to the pathogenesis of vascular diseases in which arterial wall extracellular matrix (ECM) homeostasis is disrupted. Tumor necrosis factor-␣ (TNF-␣), a pivotal cytokine that regulates ECM metabolism by increasing degradation and decreasing production of arterial collagens, is associated with vulnerable plaques and aortic aneurysms. Methods and Results-In the current study, we showed that, when administered in doses of 1 to 100 ng/mL, TNF-␣ dose-dependently downregulated the expression of prolyl-4-hydroxylase ␣I [P4H␣(I)]-the rate-limiting subunit for the P4H enzyme essential for procollagen hydroxylation, secretion, and deposition in primary human aortic smooth muscle cells (HASMCs). Using a progressive deletion cloning approach, we characterized the TNF-␣-responsive element (TaRE) in the human P4H␣(I) promoter and found that a negative regulatory region at the position of Ϫ32 to ϩ18bp is responsible for Ϸ80% of TNF-␣-mediated suppression. Using oligonucleotide-based transcription factor pull-down method in which proteins were resolved in 1-D gel electrophoresis and identified using LC-MS/MS, we identified the NonO protein binds this region. When NonO expression silenced with specific siRNA, we found that 70% of the TNF-␣-mediated P4H␣ suppression was abolished, which appeared to be mediated by the ASK1-JNK pathway. Conclusions-Our findings define a novel molecular pathway for inflammation associated extracellular matrix dysregulation, which may account for atherosclerotic plaque rupture and aortic aneurysm formation. Further understanding of this pathway may facilitate development of novel therapeutics for vascular diseases. (Arterioscler Thromb Vasc Biol.
I nflammation plays a pivotal role in the pathogenesis of cardiovascular diseases, including cardiomyopathy, heart failure, atherosclerotic plaque rupture, and aortic aneurysm. 1, 2 Many pathologic changes in the cardiovascular system can be triggered by inflammation, which contributes to the disease process. Metabolic imbalance in the extracellular matrix (ECM) in the myocardium and arterial wall represents one of the key structural changes that mark the development and progression of most cardiovascular diseases. ECM components, especially collagen-the main constituent of the fibrous cap in atheroma-determines plaque stability and vulnerability to rupture. 3 Furthermore, dysregulated ECM metabolism in the aortic wall, such as inadequate collagen degradation or elastin disruption, leads to aortic aneurysm and rupture. 4 Cytokines, including TNF-␣, transforming growth factor (TGF)-␤, and various interleukins, are dysregulated in inflammation and may participate in ECM metabolism by increasing ECM degradation through activation of matrix metalloproteinases (MMPs) 5, 6 and inhibition of collagen synthesis. 7, 8 TNF-␣, which is released by activated macrophages, is one of the most potent cytokines involved in cardiovascular pathogenesis 1 and actively regulates ECM metabolism. 7
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ECM is the structural framework of all tissues including the arterial wall, in which fibrillar proteins (collagen and elastin) and adhesive proteins (eg, laminin and fibronectin) form the structural backbone of the tissue. In the arterial wall, various cells including endothelial cells, smooth muscle cells, and fibroblasts, contribute to ECM metabolism. Collagen is one of the most metabolically active ECM components, with at least 39 subtypes; types I and III are the ones most commonly found in the arterial wall. 9 The collagen molecule consists of 3 identical polypeptide chains, called ␣ chains. This molecule has at least 1 triple-helical collagenous domain with repeating (Gly-X-Y) n sequences, ie, a glycine residue at every third amino acid and, frequently, proline and 4-hydroxyproline in the X and Y positions. Collagen biosynthesis involves a number of posttranslational modifications of procollagens and proteolytic conversion to collagens. The intracellular modifications require 5 specific enzymes, including 3 collagen hydroxylases and 2 collagen glycosyltransferases.
Prolyl-4-hydroxylase (P4H) is one of the key intracellular enzymes required for the synthesis of all known types of collagens. 10 It catalyzes the formation of hydroxyproline from proline residues located in repeating X-Pro-Gly triplets in the procollagens during posttranslational processing. It is essential for folding the procollagen polypeptide chains into stable triple helical molecules. 11 Inhibition of P4H produces unstable collagen associated with collagen decrease. 12 P4H is composed of ␣ and ␤ subunits in which ␣ subunit is rate-limiting and essential for collagen maturation and secretion. 13 P4H isoenzymes are expressed in most tissues, although certain subtypes may be tissue-specifically expressed 14 ; and are regulated by various cytokines, such as TNF-␣, and cigarette smoking. 15, 16 Previously, we have reported that an E-box-like sequence (CACGGG) located at Ϫ135bp of the P4H␣1 promoter is responsible for 80% of the basal transcriptional activity and appears to be upregulated by TGF␤1 and downregulated by cigarette smoking. 17 In the current study, we investigated the effects of TNF-␣ on P4H␣1 expression and the underlying molecular mechanisms of these effects. We have found that TNF-␣1 suppresses P4H␣1 expression at the transcriptional level. We have further identified a TNF-␣ response element (TaRE) located at Ϫ32 to ϩ18bp of the P4H␣1 promoter. A transcription factor, NonO (human p54 nrb ), 18 has been shown to bind with the TaRE and determines TNF-␣-mediated P4H␣1 suppression. Furthermore, we have found that TNF-␣-activated ASK1-JNK pathway appears to be involved in the P4H␣1 suppression. 19 Our study offers potentially new therapeutic targets to attenuate inflammation-induced ECM disturbance and consequently cardiovascular diseases.
Materials and Methods

Plasmid Construction
To define promoter regions that are responsive to TNF-␣-mediated P4H␣1 suppression, we generated P4H␣1 promoter-pGL3 constructs with serial deletions of the P4H␣1 promoter. The pGL3-basic vector (Cat#: E1751, Promega, Madison, Wi) was used for the plasmid construction. We generated plasmids containing P4H␣1 promoter regions from Ϫ580, Ϫ480, Ϫ417, Ϫ320, Ϫ271, Ϫ184, Ϫ145, Ϫ97, Ϫ32, and ϩ18 to ϩ76bp between the multiple cloning sites KpnI and HindIII for the purpose of directional cloning. The details of the primers and sequence confirmation of these plasmids have been described previously. 17 To define the nucleotides within the region Ϫ32 to ϩ18bp in the P4H␣1 promoter responsible for the binding of TNF-␣ responsive protein NonO, we constructed P4H␣1 promoter pGL3 reporter with serial deletions of Ϫ32 to Ϫ15bp, Ϫ32 to Ϫ3bp. The primers of the region Ϫ15pGL3 vector were sense: GGTAC-CACGGGCTCCCTCTGCTGC CCAG, antisense: GCTAGCAC-CACCACAGCGGGAAGGAATGG. The primers of the region Ϫ3pGL3 vector were sense: GGTACCGCTGCCCAGTCGCGC-CGCCAG, antisense: GCTAGC ACCACCACAGCGGGAAG-GAATGG. To examine the isoforms of the JNK that are involved in P4H␣1 regulation, we used wild-type JNK1 (Ad-wtJNK1) and dominant negative (Ad-dnJNK1) expression vectors as described previously. 20, 21 
Cell Culture and Transfection
Human aortic smooth muscle cells (HASMCs) were obtained from fresh human aorta (from organ donors) using an explant culture technique in SMC culture medium (Cat#311 to 500 Cell Application, San Diego, Calif) containing 10% fetal bovine serum (FBS). Cells were cultured up to the 4 th passage before the experiments were conducted. For dose-dependent effects, HASMCs were treated with 0, 1, 10, and 100 ng/mL human recombinant TNF-␣ (Cat#T6674, Sigma-Aldrich) for 8 hours before cells were harvested for measurements of target gene mRNA levels. For the time-course study, we treated cells for 4, 8, 24, and 48 hours.
To search for the TaRE in the P4H␣ promoter, recombinant P4H␣-pGL3 plasmids were transfected to HASMCs with Lipofectamine 2000 (Invitrogen Corp) in 6-well plates as described previously. 17 Twenty-four hours after the transfection, HASMCs were treated with 100 ng/mL TNF-␣. At the end of the 8-hour treatment, cells were harvested for mRNA measurement. After the TaRE was defined to the region of Ϫ32 to ϩ18bp, we further investigated the signaling pathways that are responsible for the P4H␣1 suppressing effect. Twenty-four hours after the cells were transfected with P4H␣-32-pGL3 plasmid (or P4H␣-271-pGL3 plasmid as a parallel control), they were treated with 50 mol/L JNK inhibitor SP600125 (Sigma) or 200 ng/mL thioredoxin (Sigma)-an ASK1 inhibitor 21-23 -and then with TNF-␣. After 8-hour treatment, cells were harvested for mRNA measurement.
To explore the effects of transcription factors in TNF-␣-mediated P4H␣1 suppression, we used NonO, hnRNP-K, BUB3, and ILF2 specific siRNAs (100 nmol/L) to inhibit the expression of these proteins in cells transfected with P4H␣-271-pGL3 plasmid and then, 24 hours later, treated with TNF-␣. The promoter activity of P4H␣1 was assessed by measuring mRNA levels of the reporter luciferase gene. The siRNA duplex was chemically synthesized by Integrated DNA Technologies. The following siRNA sequences for NonO gene were used: sense, 5ЈrArArUrCrArUrArCrUrCrCrArArGrGrArArGr-CrArUrUrU3Ј; antisense, 5ЈrArArArUrGrC rUrUrCrCrUrUr-GrGrArGrUrArUrGrArUrUr3Ј. The siRNA duplex sequences for the hnRNP-K gene were the following: sense, 5ЈrArArG rCrArGrUrA-rUrUrCrUrGrGrArArArGrUrU rUrUrU3Ј; antisense, 5ЈrArArArAr-ArCrUrUrUrCrCrArGrArArUrArCrUrGrCrUrU3Ј; for the BUB3 gene: sense 5ЈrArArUrGrGrArArUrUrGrGrCrArCrArGrUrCrGr-CrUrUrU3Ј; antisense, 5ЈrArArArGrCrGrArCrUrGrUrGrCrCrArAr UrUrCrCrArUrU3Ј; for the ILF2 gene: sense 5ЈrArArCrArGrAr-GrArArArGrGrArUrArGrArUrGrCrCrUrGrUrU3Ј; antisense, 5ЈrU-rUrG rUrCrUrCrUrUrUrCrCrUrArUrCrUrArCrGrGrArCrArA3Ј.
Quantitative Real-Time RT-PCR
We used quantitative real-time RT-PCR for the mRNA measurements of the target genes. Primers were designed with Beacon Designer 2.0 software and chemically synthesized (Integrated DNA Technologies). The primers for P4H␣1 mRNA were: sense, 5ЈCAT-GACCCTGAGACTGGA AA3Ј; antisense: 5ЈGCCAGGCACTCT-TAGATACT3Ј. The primers for housekeeping gene human ␤-actin were: sense, 5ЈCTGGAACGGTGAAGGTGACA3Ј; antisense, 5ЈGGGACTTCC TGTAACAATGCA3Ј. The primers for the reporter luciferase gene were: sense, 5ЈTCAAAG AGGCGAACTGT-GTG3Ј; antisense, 5ЈGTGTTCGTCTTCGTCCCAGT3Ј.
Total RNA was extracted from the cells with RNA Trizol (Invitrogen) according to the manufacturer's protocol. The extracted RNA was dissolved in a final volume of 25 L RNase free water, and concentrations of the total RNA were tested using a spectrophotometer. One microgram of mRNA was used for reverse transcription in a final volume of 20 L. The reverse transcription from mRNA to cDNA was carried out using a iScript cDNA synthesis kit (Bio-Rad) containing a mixture of oligo(dT) and random primers. One microliter of cDNA in this 20 L volume was used for real-time PCR with an SYBR Green I Supermix kit (Bio-Rad). The PCR was performed in duplicate using an iCycler iQ real-time PCR detection system; the program ran for 40 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. The mRNA levels were estimated from the value of the threshold cycle (Ct) of the real-time PCR adjusted by that of ␤-actin through the formula 2⌬ Ct (⌬Ctϭ␤actin Ct -gene of interest Ct).
Electrophoretic Mobility Shift Assay and Antibody-based Supershift Assay
To discover transcription factors that are responsible for TNF-␣mediated P4H␣1 suppression, we first carried out electrophoretic mobility shift assay (EMSA) to learn whether the TaRE in the P4H␣1 promoter was binding with any transcription factors. Nuclear proteins were isolated from cultured HASMCs treated with or without TNF-␣ using the Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology Inc). Protein concentrations were determined by the Bradford method (Sigma). EMSA was performed with a nonradioisotope method (Gel-Shift kit, Panomics Inc) that uses a biotin-labeled probe according to the manufacturer's instructions. Briefly, the human P4H␣1 promoter DNA fragment sense strand oligonucleotides (5Ј-GGTTATAAAAGG GCTAACGGGCT-CCCTCTGCTGCCCAGTCGCGCCGCCAGCGGGCTG-3Ј, from Ϫ32 to ϩ24bp) were annealed with their antisense strands and labeled with biotin at their 5Ј-ends. The binding reaction was performed with 10 ng 30-fmol biotin-labeled probes incubated with 5 g nuclear extract in a binding buffer containing 1 g poly (dI-dC) in a final volume of 20 L at room temperature for 15 minutes. The DNA-protein complex was resolved through 6% native polyacrylamide gel at 80 V (5 V/cm gel), followed by electro-blotting onto positively charged nylon membrane and UV cross-linking. After being blocked in the blocking buffer, the blot was incubated with streptavidin-labeled antibody conjugated with HRP for 15 minutes at room temperature. The blot was then washed, and chemiluminescent detection was performed with CSPD as the substrate in the ECL kit (Pierce) before being exposed to X-ray film.
For the antibody-based supershift assay, antibodies against transcription factors, including NonO (0.2 g, Cat#A300-587A, Lot#A300-587A-1, Bethyl, Montgomery, Tex), hnRNP-K (2 g, Cat#: R8903, Sigma), AP2 (0.5 g, Cat#: KAP-TF100, Nventa, Victoria, BC), and v-Myb/c-Myb (1 g, Cat#: GTX10935 GeneTex) were added to a mixture of biotin-labeled oligonucleotide probes and nuclear proteins that had been reacted for 30 minutes. After an additional 30 minutes of incubation, the protein-DNA mixture was electrophoresized in 6% polyacrylamide gel for 1 hour. The rest of the process was the same as that used in EMSA.
1-D Electrophoresis and Transcription Factor Identification
In searching for the transcription factors that are responsible for TNF-␣-induced P4H␣1 suppression, we first used the web-based TFSEARCH program (http://www.cbrc.jp/research/db/TFSEARCH. html, Parallel Application TRC Laboratory, RWCP, Japan) and subjected the Ϫ32 to ϩ18bp region to the search. We then tested the most likely transcription factors by using the antibody-based supershift assay to confirm their presence. To uncover novel proteins that were not revealed by TFSEARCH, we also designed an oligonucleotide-based pull-down technique to identify novel binding proteins that were not revealed by TFSEARCH. In doing this, we biotinlabeled the double-stranded oligonucleotide for DNA fragments containing the TaRE (Ϫ32 to ϩ18bp). We then mixed 10 L (10 ng/L) labeled probe with 60 L nuclear proteins (5 g/L) for 30 minutes at room temperature. The nuclear proteins were isolated from cultured HASMCs treated with or without TNF-␣ for 8 hours. The reaction mixture was then mixed with 60 L streptavidinagarose beads (Sigma) overnight at 4°C. After centrifugation at 10 000g for 5 minutes at 4°C, proteins in binding with the probe were cleaved from the beads in 100 L sodium dodecyl sulfate (SDS) full lysis buffer (100 mmol/L NaCl, 500 mmol/L Tris, pHϭ8, 10% SDS wt/vol). The protein mixture was then run in SDS-PAGE gel for 2 hours (120V). After gel was stained in Coomassie blue, clear bands were excised from the gel and sent for LC-MS/MS analysis. The profiles of the peptide masses obtained by LC-MS/MS were matched with the profile of known proteins in the database (http://www.expasy.ch) by the Protein Chemistry Core Facility, Columbia University (New York, NY).
Chromatin Immunoprecipitation Assay
The chromatin immunoprecipitation (ChIP) assay was performed with the histone H3 ChIP assay kit according to the manufacturer's protocol (Upstate). In brief, approximately 3ϫ10 7 cells were used per ChIP assay. After HASMCs were treated with or without TNF-␣ for 8 hours, cells were cross-linked with 1% formaldehyde at 37°C for 10 minutes and rinsed twice with ice-cold phosphate-buffered saline (PBS). Cells were harvested by brief centrifugation. Cell pellets were resuspended in SDS-lysis buffer (50 mmol/L Tris-HCl, pH 8.1, 10 mmol/L EDTA, 1% SDS, protease inhibitors). Sonication was performed on ice using a Sonifier II 450 (Brason) with a 3-mm tip set at duty cycle 20 and output level 2 to achieve chromatin fragments of 200 to 1000 bp in size. This was followed by centrifugation of the cell pellets at 15 000g for 10 minutes at 4°C. Supernatants were collected and diluted 10-fold in ChIP dilution buffer (a 20-L aliquot was removed to serve as an input sample), followed by preimmunoprecipitation clearing with 80 L of a mixture of salmon sperm DNA, Protein A, and Protein G at 4°C with rotation for 30 minutes. Immunoprecipitation was carried out with 2 g of anti-acetyl-histone H3 antibody at 4°C overnight with rotation. After immunoprecipitation, 60 L of a mixture of salmon sperm DNA/Protein A/Protein G was added and incubated at 4°C with rotation for 30 minutes and followed by brief centrifuge. The precipitates were washed twice (5 minutes each at 4°C) with low-salt buffer, once with high-salt buffer, and once with LiCl buffer. Then, the precipitates were washed again with TE buffer twice for 5 minutes each. The immune complexes were extracted 3 times with 200 L of elution buffer. The elutes and the input were heated at 65°C for at least 4 hours to reverse cross-link by addition of 20 L 5 mol/L NaCl. After proteinase K treatment, DNA was extracted with phenol/chloroform solution and precipitated with ethanol with the aid of yeast tRNA. The recovered DNA was resuspended in 30 L H 2 O, and 4 L was used for PCR. The PCR products were analyzed on 1.5% agarose gel. The primers for PCR were 5Ј-CTCCCTGGCGCTGCCATC GCG-3Ј spanning from Ϫ60 to Ϫ39bp and 5Ј-CACCTGGAAAGTGGGACGAG AGG-3Ј spanning from ϩ83 to ϩ104bp. To carry out the transcription factor-specific ChIP assay, we also used anti-human NonO or hnRNPk antibodies instead of anti-H3 histone antibody for the immunoprecipitation process.
Western Blot
After the HASMCs underwent these various treatments, their nuclear proteins were extracted, separated with 10% SDS-PAGE, and transferred to nitrocellulose membranes. The membrane was blocked in 5% nonfat milk in TBS-T (50 mmol/ Tris, pH 7.5, 150 mmol/L NaCl, 0.05% Tween-20) for 1 hour at room temperature. After incubation with the primary antibodies, including mouse anti-human NonO and hnRNP-K antibodies, in TBS-T containing 1% milk for 2 hours at room temperature, the membrane was washed in TBS-T 4ϫ10 minutes and incubated with secondary horse anti-mouse IgG-HRP conjugate (Cat# 7076, Lot# 15, Cell Signaling) for 1 hour at room temperature. After 3 washes in TBS-T, the membrane was visualized with ECL plus reagents (Amersham Biosciences). For collagen analysis, the cellular protein extracts were subjected to Western blot assay using mouse anti-human type I (Cat# C 2456, Lot# 075K4868, Sigma) and type III (Cat# C 7805, Lot#076K4756, Sigma) collagens as the primary antibodies.
Statistical Analyses
All quantitative data are presented as meanϮSD. Between-group differences were compared with independent Student t tests; amonggroup differences for 2 or more conditions were compared with one-way ANOVA in which Bonferroni post hoc test was applied for the between group comparisons. Two-tailed PϽ0.05 was regarded as statistically significant. We used the SPSS v12.0 for Windows (SPSS Inc) to carry out the statistical analyses.
Results
TNF-␣ Suppresses P4H␣1 Expression
In the time course study, we treated HASMCs with TNF-␣ 100 ng/mL for 4, 8, 24, and 48 hours. At the end of each of these time points, cells were harvested and P4H␣1 mRNA levels were measured. We found that P4H␣1 mRNA levels were significantly decreased up to 8 hours after treatment ( Figure 1A) , by which time P4H␣1 mRNA had been reduced to 50% of its baseline level before levels were recovered somewhat. To examine whether the recovered P4H␣1 expression at 24 and 48 hours was attributable to diminished TNF-␣ activity or impeded cellular response, we replenished the medium with fresh TNF-␣ every 8 hours during the culture. We showed that a plateau was reached by 8 hours by which cells appeared to be refractile to additional TNF-␣ exposure ( Figure 1B) . To evaluate the residual TNF-␣ activity after 8 hours incubation with HASMCs, we transferred the TNF-␣containing culture medium at 8 hours to fresh HASMCs and measured the P4H␣1 mRNA levels at 4 and 8 hours. P4H␣1 mRNA level was reduced only 19% after 4 hours treatment with the "used" TNF-␣ containing medium. Comparing with the 57% reduction using the fresh TNF-␣ within the same time period, our experiment suggested that approximately 33% active TNF-␣ remained in the culture medium 8 hours after incubating with the cells. In examining dose-response effects, we observed a linear reduction in P4H␣1 mRNA levels in HASMCs treated with 1 to 100 ng/mL TNF-␣ for 8 hours in culture ( Figure 1C ). In corresponding with the repressed P4H␣1 expression, the levels of type I and III collagen from the TNF-␣-treated cells were also significantly reduced ( Figure 1D ). In all of the experiments described below, treating HASMCs with 100 ng/mL TNF-␣ for 8 hours was used as the standard treatment condition to reduce the expression of P4H␣1 mRNA.
Identification of TNF-␣ Regulatory Element (TaRE) in the P4H␣1 5-Flanking Sequence
To clarify the promoter region responsible for TNF-␣induced P4H␣1 suppression, we transfected HASMCs with several pGL3 reporter constructs containing the progressively deleted 5Ј-flanking regions of the P4H␣1 gene and measured mRNA levels of the luciferase gene after treatment with TNF-␣. Compared with no treatment, TNF-␣ dramatically reduced promoter activity in all P4H␣1 promoter vectors except when the region of Ϫ32bp to ϩ18bp was deleted in the promoter region ( Figure 2) , which abolished more than 80% of the TNF-␣-induced inhibition. These results suggest that TaRE is located in the Ϫ32 to ϩ18bp region of the P4H␣1 gene.
AP2, v-Myb, and c-Myb as Potential Transcription Factors According to TFSEARCH
As the initial strategy, we used a web-based bioinformatic tool (TFSEARCH) to identify sequence similarities within the TaRE region with known transcription factors. By subjecting the DNA sequence (Ϫ32 to ϩ18bp) to the TFSEARCH, we found 
D, Western blot of type I and III collagen from
HASMCs treated with 100 ng/mL TNF-␣ for 8 hours. The total cellular proteins were extracted and measured using Bradford method. Equal amount of proteins were then loaded to 8% SDS-PAGE gel for electrophoresis. ECL chemiluminescent method was used for the type I and III collagen detection using anti-human type I and III antibodies. potential sequence matches for AP-2 (Score 94), v-Myb (Score of 91.4), and c-Myb (90.7). The consensus binding sequences for AP-2, v-Myb, and c-Myb were 5Ј-GCCCCAGGC-3Ј, 5Ј-GCTAACGG-3Ј, and 5Ј-GCTAACGGG-3Ј, respectively, which match partial sequences in the Ϫ32 to ϩ18bp region: 5Ј-GGTTATAAAAGGGCTAACGGGCTCCCTCTGCTGCC-CAGTCGCGCCGCCAGCGGGCTG-3Ј. Using specific antibodies against these 3 transcription factors in the supershift assays, however, we revealed no shift in the DNA-protein bands (data not shown). To further confirm the involvement of these transcription factors in TaRE, we mutated these 3 potential binding regions in the P4H␣1 to 32-pGL3 vectors (AP-2: 5Ј-GCCCCAGGC-3Ј to 5Ј-GCCTTAGTC-3Ј, c-Myb/v-Myb: 5Ј-GCTAACGG-3Ј to 5Ј-GCTGGAGG-3Ј, respectively). We then transfected these mutant P4H␣1 to 32-pGL3 vectors to HASMCs and treated them with TNF-␣ for 8 hours. The transcription efficiency in these TNF-␣-treated cells was not different from that in the untreated cells (data not shown). Our results suggest that these transcription factors are unlikely to be the binding proteins responsible for the TNF-␣-mediated P4H␣1 suppression.
Direct Binding of NonO and hnRNP-K to the P4H␣1 Promoter
Using 1-D electrophoresis and LC-MS/MS methods, we found that several nuclear proteins-ILF2, BUB3, SPFH2, NonO, and hnRNP-K-bound to the TaRE. Among these proteins, NonO (human p54 nrb , 55 kDa) and hnRNP-K (65 kDa) appeared to be biologically relevant to gene regulation. We confirmed the binding of these 2 proteins with the TaRE in the supershift assay (data not shown) for both NonO and hnRNP-K antibodies in the reaction with nuclear proteins extracted from untreated HASMCs. The density of the supershift band with the anti-NonO antibody was significantly increased when nuclear proteins extracted from TNF-␣-treated HASMCs were used in the binding reaction. The binding patterns between the NonO protein from HASMCs treated with or without TNF-␣ and the TaRE were also confirmed by the ChIP assay, in which the anti-NonO antibody was used instead of anti-H3 histone antibody (Figure 3) . Only TNF-␣-treated HASMCs showed a NonO-TaRE interaction in the ChIP assay. These results show that, whereas both NonO and hnRNP-K bound to the TaRE of the P4H␣1 in the in vitro supershift EMSA, only NonO appears to have responded to TNF-␣ treatment and bound to the TaRE of P4H␣1 in the native condition. Using Western blot analysis, we found that TNF-␣ did not alter the NonO expression nor the JNK inhibitor ( Figure 4A ). The finding indicates that the increased NonO-TaRE binding in TNF-␣treated HASMCs may be caused by other mechanisms such as post-translational modification, which increases the binding affinity. Figure 3 . ChIP assay for the NonO or hnRNP-K proteins and P4H␣1 promoter interaction. HASMC nuclei were extracted by using the Nuclear and Cytoplasmic Extraction Reagents kit (Pierce). HASMCs were treated with or without 100 ng/mL TNF-␣ for 8 hours before nuclear extraction. The ChIP assay was then performed. Anti-human NonO or hnRNP-K antibodies were used in immunoprecipitation. The recovered protein-bound DNA was amplified by PCR with primers that cover the Ϫ60 to ϩ104bp region of the P4H␣1 promoter. The PCR products were subjected to electrophoresis in 1.5% agarose gel. NonO-P4H␣1 promoter binding was only found in the TNF-␣-treated cells. However, hnRNP-K did not appear to directly bind with the P4H␣1 promoter in the ChIP assay. 
NonO Responsible for TNF-␣-Mediated P4H␣1 Suppression Through TaRE
To investigate the role of NonO in TNF-␣-mediated P4H␣1 suppression, we used NonO-specific siRNA to suppress NonO expression before TNF-␣ treatment. The NonO siRNA was cotransfected with the P4H␣1 to 32-pGL3 vectors to the HASMCs. Twenty-four hours after the transfection, HASMCs were treated with TNF-␣ for 8 hours. We confirmed the siRNA-induced NonO silencing by measuring NonO protein levels using Western blot analysis and found an 80% reduction in the NonO protein levels ( Figure 4B ). NonO silencing abolished more than 60% of TNF-␣-mediated P4H␣1 suppression ( Figure 5 ). NonO silencing alone did not change P4H␣1 promoter activity significantly ( Figure 5A) . In contrast, hnRNP-K silencing did not seem to affect TNF-␣mediated P4H␣1 suppression ( Figure 5A) . The rescuing effect of the NonO silencing on TNF-␣-mediated P4H␣1 suppression was also reflected in the P4H␣1 mRNA levels of the cultured HASMCs ( Figure 5B ). We also tested the possible involvements of BUB3 and ILF2 in the TNF-␣induced P4H␣1 repression using the gene specific siRNA.
The results showed no effects by the BUB3 siRNA and ILF2 on TNF-␣-induced P4H␣1 suppression (data not shown). To define the NonO binding sequence on P4H␣1 promoter, we transfected 2 P4H␣-pGL3 vectors into HASMCs. As demonstrated by the mRNA levels of the luciferase gene, deletion of the Ϫ32 to 15bp region abolished TNF-␣-mediated P4H␣1 suppression. The result suggests that the binding site for the NonO protein is located within the sequence of GTTATA-AAAGGGCTA from Ϫ32 to -15bp in the P4H␣1 promoter.
Involvement of the ASK1-JNK Pathway
Whereas several pathways can be triggered by TNF-␣, c-Jun N-terminal kinase (JNK) appears to be one of the key downstream molecules responsible for the transcriptional effect of TNF-␣. Several pathways can lead to JNK activation. Among them, apoptosis signal-regulating kinase 1 (ASK1) may be more relevant to stress and inflammationrelated stimulation. We therefore investigated the relevance of the ASK1-JNK pathway to TNF-␣-mediated P4H␣1 suppression. JNK inhibitor (SP600125, Sigma) and ASK1 inhibitor (Thioredoxin, Sigma) were used to suppress the signaling pathway. After HASMCs were transfected with P4H␣1 to 32-pGL3 or P4H␣1 to 271-pGL3 vectors, cells were treated with JNK or ASK1 inhibitor for 1 hour before TNF-␣ treatment for 8 hours. We then measured luciferase mRNA levels. We found that JNK inhibitor recovered almost 100% of the TNF-␣-mediated P4H␣1 suppression ( Figure  6A ). This recovery was also evident in the P4H␣1 mRNA levels of the nontransfected HASMCs ( Figure 6B ). Furthermore, after treatment with the ASK1 inhibitor, TNF-␣mediated P4H␣1 suppression recovered to a degree similar to that observed in both reporter vector promoter activity (Figure 6C ) and P4H␣1 transcription ( Figure 6D ). These results suggest that the ASK1-JNK pathway is involved in TNF-␣mediated P4H␣1 suppression. To further identify the JNK isoform responsible for the effects, we transfected HASMCs with the wild-type and dominant negative JNK1 overexpression vectors. Whereas wild-type JNK1 induced a 67% reduction in P4H␣1 expression, the dominant negative JNK1 vector resulted in no change in P4H␣1 mRNA levels.
Discussion
Inflammation, one of the most dynamic biological processes, is a natural response to the encountering of endogenous defenses and external invaders. Although regulated inflammation in certain tissues is beneficial for health maintenance, uncontrolled inflammatory processes may be harmful, and participating in the development and progress of most cardiovascular diseases. 1 Of the many cytokines, TNF-␣ is the most active, and it is significantly elevated during inflammation. Our study revealed a novel pathway in which TNF-␣ suppresses collagen synthesis by specifically inhibiting one of the key enzymes-P4H␣1-in essential collagen posttranslational modification, a process that may be implicated in the pathogenesis of vulnerable atherosclerotic plaque and aortic aneurysm. We have described the TaRE in the P4H␣1 Luciferase mRNA Figure 5 . Effects of NonO and hnRNP-K on TNF-␣-mediated P4H␣1 promoter suppression. A, Expression of NonO or hnRNP-K siRNA was silenced by transfection with NonO-and hnRNP-K-specific siRNAs at the same time that pGL3-P4H␣1 promoter vectors were transfected to HASMCs. Twenty-four hours after the transfection, cells were treated with or without 100 ng/mL TNF-␣ for 8 hours. Luciferase mRNA levels measured by real-time RT-PCR were used to evaluate the effects. B, Expression of NonO or hnRNP-K was silenced by specific siRNA in HASMCs with no simultaneous pGL3 transfection. Twenty-four hours after the siRNA transfection, HASMCs were treated with or without 100 ng/mL TNF-␣ for 8 hours. The levels of P4H␣1 mRNA were measured and compared among different conditions. ANOVA was used for comparisons among groups, and Bonferroni post hoc analysis was used to test betweengroup differences. **PϽ0.01 for TNF-␣ treatment vs all other conditions except cells treated with TNF-␣ϩhnRNPk siRNA. There was no statistical difference between controls and cells treated with NonO siRNA alone, TNF-␣ϩNonO siRNA, and hnRNPK siRNA alone.
promoter and the transcription factor NonO that is responsible for the suppressive effect of TNF-␣, which is mediated through ASK1-JNK pathway.
Functional tissue structure, such as the distensibility of an artery, is maintained by a balanced ECM metabolism of production and degradation. Disproportionately low production or overdegradation can both result in weakened tissue structure, which predisposes the tissue to distension or rupture, as in aortic aneurysms and dissection. TNF-␣ has been reported to activate MMPs, 6 which leads to increased degradation of ECM components, including elastin and collagen. On the other hand, TNF-␣ also downregulates ␣1(I) collagen and ␣2(I) collagen expression through a p20C/EBPb and C/EBP mechanism at the transcription level. 24 Both actions will tilt the balance toward disrupted ECM and weakened tissue structure. Our study has revealed an additional mechanism that disrupts the collagen maturation and deposition, which inevitably result in a disarrayed ECM structure and weaken the affected tissue. Together with the findings of others, our results suggest that reduced ECM production and increased degradation induced by TNF-␣ contribute to the formation of vulnerable atherosclerotic plaques and aortic aneurysms and dissection.
It would be therapeutically valuable if interventional strategies can be developed in TNF-␣-or inflammation-initiated P4H␣ inhibition and collagen reduction. Our study constitutes a step toward this goal because it characterized molecular mechanisms responsible for this relationship. Previously, we have reported that the E-box-like sequences located at Ϫ184 to Ϫ97bp are responsible for basal human P4H␣1 expression, 17 which is different from that in the rat P4H␣1 promoter. 16 In the current study, we located a NonO binding sequence at Ϫ32 to ϩ18bp region that acts as a TaRE and controls 70% of TNF-␣-mediated P4H␣ suppression. NonO is a 55-kDa ubiquitously expressed protein originally identified as a non-POU domain-containing octamer-binding protein. 25 NonO is highly homologous to the C terminus of PSD 18 ; NonO can bind via its NTH domain to doublestranded DNA with restricted A/T specificity reminiscent of octamer motifs. 26 In addition to its own DNA-binding abilities, NonO has the ability to induce the binding of several transcription factors to their response elements and bind directly to Spi-1/PU.1 transcription factors. 18, 27 It also enhances the binding of some sequence-specific transcription factors (E47, OTF-1, and OTF-2) to their recognition sites. 25 It is obvious that the suppressing effect of NonO is not specific to P4H␣ or TNF-␣ signaling because other genes such as CYP17 were also repressed by NonO in a complex with corepressors (Sin3A, HDAC). 28 When cells are exposed to TNF-␣, several intracellular pathways can be triggered, among which JNK-an important member of the mitogen-activated protein kinase (MAPK) superfamily-appears to be most important for mediating transcription-factor-gene interactions. 29 To activate JNK, TNF-␣ first binds to TNFR1 on the cell surface, 30 and activates the downstream cascade. 31 Using a JNK-specific inhibitor (SP600125) or the ASK1-specific inhibitor (thioredoxin) to block the AKS1-JNK pathway has successfully prevented the TNF-␣-mediated P4H␣1 inhibition in HASMCs. Our study indicates that TNF-␣ may activate the ASK1-JNK-NonO pathway that directly suppresses P4H␣1 expression, which represents an important class of gene regulators that mediate responses to stimulation. These regulators may be more responsive to manipulation than main- Figure 6 . ASK1-JNK pathway is involved in TNF-␣-mediated P4H␣1 suppression. Levels of luciferase and P4H␣1 mRNA were measured with quantitative real-time RT-PCR. A, HASMCs were transfected with pGL-32 or pGL-271 (a parallel control) constructs for 24 hours. The JNK inhibitor SP600125 (50 mol/L) was added 1 hour before cells were treated with or without TNF-␣ for 8 hours. B, HASMCs were treated with 50 mol/L JNK inhibitor SP600125 for 1 hour, followed by treatment with or without 100 ng/mL TNF-␣ for 8 hours. C, HASMCs were transfected with pGL-32or pGL-271 constructs for 24 hours. The ASK1 inhibitor thioredoxin (200 ng/mL) was added 1 hour before cells were treated with or without TNF-␣ for 8 hours. D, HASMCs were treated with 200 ng/mL ASK1 inhibitor thioredoxin for 1 hour, followed by treatment with or without 100 ng/mL TNF-␣ for 8 hours. **PϽ0.01 for pGL-32 (or pGL-271) TNF-␣ vs all other treatment conditions. taining the baseline expression and are potentially useful therapeutic targets.
In summary, our study shows that TNF-␣ can effectively inhibit P4H␣1 expression. This effect represents a previously undiscovered mechanism for the progressive structural destruction that occurs during inflammation and contributes to disease processes such as aortic aneurysm formation. The discovery of TaRE at the P4H␣1 promoter region and the revelation of molecular events mediating the TNF-␣ suppression, which are distinct from the mechanisms responsible for the basal expression of TNF-␣, suggest unique therapeutic targets for modulating inflammation-induced pathologic processes without changing basal TNF-␣ expression. Disrupting TNF-␣-mediated ECM destruction caused by inflammation may reinforce the fibrous cap of the atherosclerotic plaque, rendering it less vulnerable to rupture. Inhibition of the TNF-␣ activation may strengthen the dissected aorta and make it less likely to dilate. The importance of differentiating among the elements of basal and responsive expressions cannot be overemphasized and should be investigated for all genes involved in environmentally induced pathogenesis.
